Inherently porous cigarette paper consists of an interlocking network of cellulose fibres interspersed with chalk particles. Spaces in this matrix are of the order of 1 J.Uil wide which is small compared to the paper thickness (usually 20 J.Uil to 40 J.Un). However, when cigarette paper is perforated after the paper-making process, e.g. by an electrostatic or mechanical process, the perforation holes are relatively large, usually having mean diameters of the same order of magnitude as the paper thickness.
Inherently porous cigarette paper consists of an interlocking network of cellulose fibres interspersed with chalk particles. Spaces in this matrix are of the order of 1 J.Uil wide which is small compared to the paper thickness (usually 20 J.Uil to 40 J.Un). However, when cigarette paper is perforated after the paper-making process, e.g. by an electrostatic or mechanical process, the perforation holes are relatively large, usually having mean diameters of the same order of magnitude as the paper thickness.
The total flow of air through perforated cigarette paper thus consists of two components: viscous flow through the porous structure of the paper inherent from the paper-making process, and inertial flow through the perforation holes. Since the air flow I pressure relationships due to these two components of flow differ and since the two components are additive, the total flow through perforated paper may be expressed as: A i~ the area of paper (cm 2 ) exposed to the flowing arr, P is the pressure difference across the paper (kilopascal), Z is the base permeability of the paper due to viscous flow through the spaces inherent from the paper-making process (cm min-1 kPa-1 or cORESTA unit), Z' is the permeability of the paper due to inertial flow through the perforation holes (cm min-1 kPa-11") md n is a constant for a given set of perforation holes.
This equation adequately describes gas flow through a variety of perforated cigarette and tipping papers. By using different gases, it is confirmed that Z depends on viscous forces and Z' depends on inertial forces. By examining the flow of air through a large number of papers with perforation boles of different sizes, it is shown that Z' is dependent on the total area of perforation holes, and that a jet-contraction effect occurs as the air travels through the paper. The parameter n is shown to have a value between 0.5 and 1.0, and this value is related to mean perforation-hole size. The permeability of cigarette paper is defined as the flow of air through the paper when the pressure across the paper is 1 kilopascal. Thus from the above equation the '"total permeability" of perforated cigarette paper is equal to Z + Z'. 
A est la surface du papier (en cm 2 ) exposCe au flux d'air, P est la difference de pression sur !'ensemble du papier (en kilopascal), Z est la permCabilitC de base du papier due au flux visqueux traversant les espaces inhCrents au processus de fabrication du papier (cm min-1 kPa-1 OU unite CORESTA), Z' est la permeabilitC du papier due au flux inertiel dans les trous de perforation (cm min-1 kPa-11 n) INTRODUCTION Ventilation through both the filter and cigarette paper is one of the principal methods by which the levels of all mainstream components can be reduced. Calcu1ation of the dilution flows through both the filteHipping paper and cigarette paper requires knowledge of the relationship between the air flow and pressure differential through the various types of paper used in the construction of cigarettes. It is well known that the relationship between air flow and pressure is linear through inherently porous and relatively low-permeability paper, and non-linear through perforated and high-permeability plug-wrap papers (e.g. [1] [2] [3] [4] [5] [6] [7] [8] . In fact the COR-ESTA method for measuring paper permeability (9) recommends measuring the air flow through perforated paper at two pressures (1 and 0.25 kilopascal) to obtain an indication of the non-linearity. The objectives of the present study were to present and test an equation which describes the air-flow relationships through all types of papers, and to relate terms in the equation to characteristics of the paper.
EQUATIONS OF PAPER PERMEABILITY SELKE and MATHEWS (5) have used equation 1 to de-
scribe the relationship between air flow Q (cm 3 nUn-
and pressure differential P (cm w.g.) across the paper:
[I]
where k and n are constants. They have shown that n has a value of 1.0 for a naturally porous paper, 0.7 for electrically perforated cigarette papers, 0.6-0.7 for plug-wrap papers, and 0.5-0.7 for perforated tipping papers. It is not possible with equation 1 to separate the components of permeability due to the natural pores and the larger perforations in perforated or highly porous papers. OWENs (6) has presented a quadratic type equa_tion which has additive components of viscous flow ·through the natural pores and inertial flow through the perforations, although he has not given any results with his equation. MAnus (8) has used a similar equation to describe the pressure drop across plug-wrap and tipping papers and shown that, statistically, it gives an equally good fit to experimental data as equation 1. lnherendy porous cigarette paper consists of an interlocking network of cellulose fibres interspersed with chalk panicles and spaces in this matrix are of the order of 1 ~ wide. This is small compared to the paper thickness (usually 20 ~ to 40 ~). and the Reynolds number in these spaces for typical cigarette flows is much less than unity. Thus the flow of air through these spaces in the paper is governed by viscous forces. However, when cigarette paper is perforated after the paper-making process, e.g. by an electrostatic or mechanical process, the perforation holes are relatively large, usually having mean diameters of the same order of magnitude as the paper thickness. The Reynolds number for typical cigarette flows is 20-200 and so the flow of air through these large holes is governed by inertial forces. It is emphasized that the flow is stilllaminar under these conditions; it is not turbulent as has been erroneously stated in the past (e.g. (2)). The total flow through perforated cigarette paper thus consists of two components: viscous flow through the porous structure of the paper inherent from the papermaking process, and inertial flow through the perforation holes. Since the air flow I pressure relationships due to these two components of flow differ and since the two components are additive, the total flow through perforated paper may be expressed as:
A is the area of paper (cm 2 ) exposed to the flowing air, P is the pressure difference across the paper (kilopascal)*, Z is the base permeability of the paper due to viscous flow through the spaces inherent from the paper-making process (cm m.in-1 kPa-1 or CORESTA unit), [2] Z' is the permeability of the paper due to inertial flow through the perforation holes (cm min-1 ItPa-lla) ond n is a constant for a given set of perforation holes (0.5 ;:iii n ;:iii 1.0). The exact value of n depends on· the size of the perforation holes in the paper.
The permeability of cigarette paper measured by the CORESTA method (9) is defined as the flow of air through the paper when the pressure across the paper is 1 kilopascal. Thus from the above equation the "total permeability" of perforated cigarette paper is equal to Z +Z'. In a previous study (4), a simple model was presented in which inherendy porous paper was treated as a bundle of parallel, circular cross-section, capillary tubes. The flow through each tube was governed by Poiseuille's law of viscous flow, and it was shown that, converting to units used in the cORESTA method, the permeability due to viscous forces is given by: L is the paper thickness (cm), md assumed to be equal to the tonuous length of the formal pores, is the number of formal pores of mean radius r (cm) per cm 2 of paper.
In mechanically, dectrostatically or laser perforated pa· pers; the perforation holes have sizes comparable to the paper thickness. These holes act as nozzles to the air flow and Bemoulli's theorem for frictionless flow can be applied to each nozzle. It can be shown that the permeability due to flow through large perforation holes in the paper is given by:
z· - is the number of perforation holes of mean area a (cm 2 ) per cm 2 of paper.
[4]
Bernoulli's equation, in which flow rate is proportional to JP, strictly only applies to a discharge nozzle where the flow is completely dominated by inertial forces. With perforated cigarette paper the holes are actually more than simple nozzles and do have a frnite length in which some viscous forces can contribute to the flow. Consequently, in the empirical equation 2 above, a P" term appears and, as is shown below, n only ap· proaches 0.5 for very large perforation holes (which act as puce nozzles).
EXPERIMENTAL DETAILS
A variety of perforated cigarette and tipping papers were obtained from various paper manufacturers in Eu· rope and the U.S.A. In addition, some papers were electrostatically perforated in the laboratory using a specially constructed apparatus.
DeterminAti<m of Flow/Pressure Relationships
The flow of air through perforated cigarette and tip· ping papers at a series of pressures across the paper be· tween 1 cm and 32 cm w.g. has been measured using a 256 permeability meter designed and built at B·A·T (10) and conforming to the CORESTA procedures (9) . In one series of experiments, the flow/pressure rela· tionship with other gases was also determined: by· drogen, helium, neon, argon and sulphur hexafluoride. The flow meters on the permeability meter were cali· brated for each of these gases using bubble meters. During these experiments, the paper-mounting head of the permeability meter was surrounded by a chamber containing the appropriate gas at atmospheric pressure. This eliminated potential problems of diffusion be· tween the gas flowing through the paper and the sur· rounding air.
Determination of Perforation-Hole Size Distribution
The perforation· hole size distribution in the paper was obtained by measuring the size of one hundred per.fora· tion holes in the paper, using photographs of the holes taken through an optical microscope.
RESULTS AND DISCUSSION
Pressure/Flow R~lationships Figure 1 gives the experimental data of air flow and pressure for three electrostatically perforated papers. For each paper, the flow/pressure data have been re· gressed by equation 2, and estimates of the three un· known parameters in the equation made (Z, Z' and n). In practice it is not possible tO obtain unique values of three parameters from the regression. Consequently, values of the known base permeability of the papers (Z) were inserted into the equation, so that only two par· ameters (Z' and n) were estimated from the regressions. As far as was practicable, the base permeabilities of the papers were measured on samples of the paper obtained prior to perforation. Also shown in Figure 1 are the flow/pressure relation· ships obtained from equation 2 using the values of Z, Z' and n for the paper. Clearly, the equation adequately describes the experimental flow/pressure data. It should be noted that equation 1 and the quadratic equation of MATHIS (8) give equally good fits to the data. Equation 2 only is used in the analysis in this report, because of the ease in rduing its terms to characteristics of the paper.
Effect of Different Gases on Permeability Parameters
Equations 3 and 4 above predict that:
base permeability Z is proportional to 1/ gas viscositymd z· is proportional to ll.J gas density
The base permeabilities of two unperforated, naturally porous papers with air permeabilities of 11 and 85 coa-ESTA units have been measured with different gases flowing through them. The variation with 1/viscosity, shown in Figure 2 , is linear as predicted. The scatter on the plots indicates the over-simplifications in the discrete-pore model of paper. From the gradient of the plots, the formed values of j r 4 fo.r the low and high-permeability papers are 4 X to-u cm 2 and 3 X t0-10 cm 2 , respectively. Similarly, the inertial permeabilities (Z') of three electrostatically perforated papers have been measured with different/ ases flowing through them, and the variation with 1/ density is linear as predicted (Figure 3) . The perforation holes in these papers had mean radii of 33 IJlll to 43 IJlll· By measuring the gradients of the lines in Figure 3 and using the known perforation-hole dimensions and number (Table 1 ) , the contraction coefficient for the holes can be calculated from equation 4. The values obtained are in the range of 0.082 to 0.42 (Table 1 ) and are commented on in the next section.
Effect of Perforation-Hole Size Characteristics on Permeability Parameters
Equation 4 predicts that Z' should be linearly related to· j a , the total area of the perforation holes per cm 2 of paper. This relationship is seen to be obeyed for both perforated cigarette papers (Figure 4 , correlation coefficient: 0.94) and perforated tipping papers* ( Figure 5 , correlation coefficient: 0. 97). Figure 5 also includes data obtained for different shaped perforation holes, and it is seen that there is no systematic effect of shape.
From the gradients of the plots in Figures 4 and 5 , values of the contraction coefficient (a) of 0.25 and 0.66 for the cigarette and tipping papers, respectively, are calculated. For tipping paper, the value of a is very close to the value of 0.61-0.64 quoted in the fluid-dynamics literature for flow through nozzles (11 ). Tipping papers in general have sharp-edged holes of fairly uniform size and shape, whose hydraulic diameter is usually larger than the paper thickness. Such holes act simply as nozzles. On the other hand, perforated cigarette papers have holes with ill-defined edges, often with cellulose fibres across the hole, and a significant proportion of the holes in any given paper have diameters smaller than their length. In Figure 6 , the values of n obtained for each perforated paper from the flow/pressure regression of equation 2 are plotted against the average diameter of the perforation hole. Also included in the plot are the values obtained with a series of six Nuclepore mem-* The flow meuuremenu for perforated tipping papen were carried out with 1 cm 2 of paper upoaed to the air flow, as recommended by COIWTA (9) . It was alao made certain that a 1.0 cm length of the perforation line was included in the uposed area. Flgure4. ·Inertial permeability of electrostatically· perforated papers as function of 1/ {cliiiiiiY of flowing gas.
Inertial permeability of perforated cigarette papers as function of total area of perforation holes. Figures.
Inertial permeability of perforated tipping papers as function of total area of perforation holes.
Total area of perforation holes (cm 2 per cm 2 of paper) Nuclepore membrane: 0 Cigarette paper: x branes *. These membranes were 10 1Jm thick and had relatively small holes, in the range of 3 1Jm to 10 1Jm mean diameter and a number density of 1.4 X 10 5 to 2.1 X 10 6 boles per cm 2 • Inclusion of these membranes extends the range of bole diameters. A similar plot for n obtained for perforated tipping papers is shown in Figure 7 . For small perforation holes ( <8 IJm diameter) the value of n is equal to 1.0. Holes of these sizes in cigarette paper are acting as capillary tubes and not nozzles, and the flow through them is dominated by viscous forces. The value of n falls as the bole size increases and the flow through the bole acts more like a nozzle. For large holes (>280 IJm hydraulic diameter) n is equal to 0.5.
A regression of the data in Figure 6 shows that n is related to the mean radius r (IJm) of the perforation hole in cigarette paper by the following equation: n -1.22 -0.148 ln r [5] * The Nuclepore membrane ia made from a sheet of polycarbonate plastic by the Nuclepore Corporation, Pleuanton, California. The film is exposed to a collimated beam of fission fragments in a nuclear reactor. As the particles pass through the material they leave sensitized tracks, which are developed into uniform, cylindrical pores in an etching bath. The pore size ia controlled by the length of the etching process, while the pore density ia controlled by the residence time in the nuclear reactor. 'Similarly, the data in Figure 7 are described by the following regression:
n -1.49 d-o.t94 [6] with the same boundary conditions, where d is the mean hydraulic diameter of the perforation hole (IJm), equal to 4 times area of cross-section per perimeter.
